Although membrane distillation (MD) has great promise for desalination of saline water sources, it is crucial to improve its thermal efficiency to reduce the operating cost. Accordingly, this study intended to examine the thermal energy efficiency of MD modules in a pilot scale system. Two different modules of hollow fiber membranes were compared in direct contact MD mode. One of them was made of polypropylene with the effective membrane area of 2.6 m 2 and the other was made of polyvinylidene fluoride with the effective membrane area of 7.6 m 2 . The influence of operation parameters, including the temperatures of feed and distillate, feed flow rate, and distillate flow rate on the flux, recovery, and performance ratio (PR), was investigated. Results showed that the two MD membranes showed different flux and PR values even under similar conditions. Moreover, both flow rate and temperature difference between feed and distillate significantly affect the PR values. These results suggest that the operating conditions for MD should be determined by considering the module properties.
Introduction
Membrane technology is a highly efficient separation technique compared with other physicochemical water treatment technologies [1] . Depending on its driving force, there are several different cases, including pressure-driven membrane processes, concentration-driven membrane processes, electrically-driven membrane processes, and thermally-driven membrane processes [2] . Among them, membrane distillation (MD), which is one of the temperature-driven separation techniques, has drawn attention as a novel option for seawater desalination and wastewater treatment [3] . Unlike conventional thermal distillation, which uses a huge amount of thermal energy, MD can utilize heat sources of low grade such as waste heat from industrial plants [4] and solar heat [5] [6] due to its capability of low-temperature operation [7] . In MD, various methods are applied to put a vapor pressure difference through a membrane for production of water (or vapor) flux [8] . In direct contact membrane distillation (DCMD), condensing fluid passes through the permeate side of the membrane, and in sweeping gas membrane distillation (SGMD), condensing gas flows in the permeate side of the membrane. In air gap membrane distillation (AGMD), an air gap separates a condensing surface from the membrane by AGMD, and in vacuum membrane distillation (VMD), vacuum exists between the membrane and the condenser [8, 9] . In general, the DCMD configuration, which is the simplest configuration with the capability of easy operation, is known as a suitable technology for water treatment application [9] [10] [11] .
During MD, thermal energy is transferred from feed water to distillate together with water vapor [8, 12] . At the same time, conductive heat loss and dissipation of heat to outer environment may occur, leading to a reduction in thermal energy efficiency of MD [13] . Although MD uses low grade thermal energy, which is cheaper than conventional thermal energy such as high-pressure steam, it is still important to increase thermal energy efficiency to reduce operation cost and increase the throughput (water production) of MD [14] .
There have been a lot of works on MD, including membrane preparation [1, 15] , fouling control [16, 17] , wetting control [18] , and process modelling [19, 20] . However, relatively few works have been attempted to understand the thermal efficiency of MD module or MD system [13] . Moreover, previous experiments were mostly carried out using laboratory-scale MD equipments, which cannot fully represent the characteristics of pilot-scale or full-scale MD processes [21] .
In this context, this study aimed at the investigation of thermal efficiency of MD modules in pilot-scale systems, which provides insight into understanding cost-effective process design for full-scale MD processes. The originality of this study lies on; (1) the analysis of thermal efficiency in hollow fiber MD modules in pilot-scales; and (2) the investigation on the factors affecting the thermal efficiency of the MD modules.
Materials and Methods

MD Module
Two different hollow fiber MD membrane modules were used to compare their flux and thermal efficiency. In Table 1 , the properties of these MD modules are summarized. Due to the request by the membrane manufacturers, the membrane modules are denoted as membrane 'A' and membrane 'B', respectively. These two membrane modules were made of different materials and had different fiber and module dimensions. 
Pilot-scale MD System
The process schematics and picture of the pilot-scale MD system are illustrated in Fig. 1 . The system consists of a feed tank, a distillate tank, recirculation pumps, MD modules, a heater, and a cooler. Prior to be supplied to the MD module, the temperature of the feed water was controlled by using the heater and the temperature sensor. The temperature of the distillate flowing into the MD module was controlled by using the cooler and the temperature sensor. Although it was difficult to set the temperature to a certain value, it was possible to maintain the temperature constant during the operation. The maximum capacity of the system is about 2.74 kg/m 2 -h. Since the two MD modules had different flow configurations, the feed and distillate were supplied in different ways. In the membrane 'A' module, the feed water was supplied to the tube side and the distillate water flowed through the shell side ("Inside-out"). In the membrane 'B' module, the feed water was supplied to the shell side and the distillate water flowed through the tube side ("Outside-in"). The temperatures of feed inlet, feed outlet, distillate inlet, and distillate outlet were continuously monitored, which were used to calculate an energy balance in each case. Moreover, an electronic balance was used to measure the changes in the weight of the distillate water, which were used to calculate MD flux.
The MD experiments were carried out under various operating conditions. The feed flow and distillate flow rates were controlled from 0.54 m C. The tap water was used in the feed water because the purpose of this study was the analysis of thermal efficiency in MD systems. Nevertheless, the rejection of the membrane was regularly checked before and after the experiments. Details on the experimental conditions were summarized in Table 2 Using the flow rate and temperature, the amount of thermal energy at the inlet and outlet of the membrane module can be calculated. The results are illustrated in Fig. 3(a) . The thermal energy at the inlet of the feed is always higher than that at the outlet of the feed. On the other hand, the thermal energy at the inlet of the distillate is always lower than that at the outlet of the distillate. In fact, the temperature difference between feed inflow and feed outflow was 9.5 o C and the temperature difference between distillate inflow and distillate outflow was 9.2 o C. This suggests that the thermal energy supplied from the feed side of the membrane module is transferred to the distillate side.
Membrane 'B'
The changes in MD flux and the temperature difference between the feed and distillate with time are presented in Fig. 2(b) . The feed and distillate temperatures were 60. Using the Eq. (1), the water vapor permeability for the membrane module 'B' was calculated, which is 4.09 kg/m 2 -h-bar. It should be noted that the two modules showed different flux and permeability under similar operating conditions. It is evident from these results that the design of MD module is of great importance.
In Fig. 3(b) , the thermal energy values at the inlet and outlet in feed and distillate sides are shown for membrane module 'B'. Compared with the case of membrane module 'A', the difference between feed inlet and feed outlet increased and the difference between distillate inlet and distillate outlet decreased. In fact, the temperature difference between feed inflow and feed outflow was 11 o C and the temperature difference between distillate inflow and distillate outflow was 7.7 o C, which supports the results of thermal energy calculation.
Aside from the flux, the membrane module 'B' has an additional advantage over the membrane module 'A' due to the difference in the membrane materials. The fibers of the membrane module 'B' were made of PVDF, which has moderate thermal stability, good chemical resistance with a surface energy of 30.3 × 10 −3 N/m [5] . On the other hand, the fibers of the membrane module 'A' were made of PP, which has a lower membrane performance due to their moderate thermal stability at elevated temperatures and a slightly lower surface energy of 30.0 × 10
Analysis of Performance Ratio (PR)
Using the results of the MD experiments, the thermal energy balance was established through the following steps. First, the energy supplied to the MD system should be broken down into three terms [6, 7, 9] .
where Q in is the energy input to the MD system, Q flux is the energy used for flux, Q cond is the energy lost by heat conduction through the membrane, and Q loss is the other thermal energy loss from water tank, pipe, and other part. Q in and Q flux are given by [8, 9] :
systems. Accordingly, it is important to increase PR to reduce the cost for the thermal energy for MD. In a single stage distillation, PR is less or equal to 1.0 and in a multi-stage distillation, PR is proportional to the number of stages. In a single stage DCMD system, PR can be given by:
In Eq. (7), Q in is the thermal energy supplied to the MD module. Accordingly, Q in /H w corresponds to the amount of "virtual steam" supplied to the MD module (m 3 /s). This is "virtual" because the thermal energy is not supplied as the form of real steam in DCMD. On the other hand, J w A m (m 3 /s) is the amount of fresh water produced using the "virtual steam" of Q in /H w (m 3 /s). Accordingly, the ratio of J w A m to Q in /H w may correspond to the mass ratio of water produced to "virtual steam supplied". Table 2 shows the results of flux and PR in each experimental condition with the membrane 'A' and 'B'. The membrane module 'A' had the PR ranging from 0.0314 to 0.0566. In other words, only 3-5% of the thermal energy was used to produce distillate, which is not efficient. This is mainly attributed to its low flux (0.18-0.44 kg/m 2 -h) and heat loss through the membrane, module and pipes. As the feed temperature increases, the flux increases, leading to an increase in the PR. The feed flow rate also affects the flux and the PR. In other words, the PR increases with an increase in the flux.
The membrane module 'B' had high PR values, which range from 0.289 to 0.375. As mentioned above, this is attributed to higher flux for this membrane module. However, it is likely that flux is not the only factor affecting the PR. The highest flux for the membrane 'A' was 0.443 kg/m 2 -h with the PR of 0.0556. The lowest flux for the membrane 'B' was 0.64 kg/m 2 -h with the PR of 0.289. Although the flux ratio between two membranes was 0.692, the PR ratio was 0.0192. These results suggest that the membrane module 'A' had higher heat losses though the membrane and other parts than the membrane module 'B'.
Correlation between Flux and PR
It is important to understand which factors affect the thermal efficiency of the MD process. Accordingly, correlations between process parameters and PR were analysed. In Fig. 4 , the PR was shown as a function of flux for the membrane module 'A' and 'B'. As expected, the PR linearly increases with the flux. Accordingly, it is concluded that the thermal energy efficiency in DCMD can be improved by increasing flux. However, the deviations of the data pointing from the regression line indicate there are also other factors affecting the thermal efficiency of the MD system. This is because thermal efficiencies for different MD modules cannot be simply compared in terms of flux. Accordingly, high thermal efficiency of DCMD system can be achieved by a b not only improving flux but also reducing heat losses with the development of new modules and technologies. As shown in Fig. 5 and Fig. 6 , the PR did not show strong correlations with the flow rates of feed and distillate streams. This suggests that the flow rates are not important factors affecting the thermal efficiency of the MD process. An increase in the feed flow rate may lead to an increase in the supply of thermal energy. However, it cannot be used if the flux through the membrane is not enough. Accordingly, the PR is more dependent on the flux than the feed flow rate. In a similar reason, the distillate flow rate is less important than the flux.
Conclusions
In this study, the energy efficiency in a pilot-scale DCMD system was analyzed for two different hollow fiber MD modules. Key performance factors such as flux and PR were examined as a function of operation parameters. The following conclusions were withdrawn: i) Although the operating conditions were similar, the two membrane modules resulted in different flux, which may be attributed to membrane materials, properties, and module geometry and flow patterns. The difference in flux also affected the heat transfer through the membrane.
ii) The energy balance for the DCMD system was established to understand the heat flows and energy efficiency. The PR, which represents the thermal efficiency, is found to be highly dependent on the flux. The PR is almost linearly proportional to the flux. Accordingly, the thermal energy efficiency in DCMD should be improved by increasing flux.
iii) However, not only the flux but also other factors such as heat losses affects the PR. Accordingly, the thermal efficiencies for different MD modules cannot be directly compared in terms of flux. 
